Chemical mechanical polishing (CMP) is widely used for planarization of advanced interconnect and shallow trench isolation structures in integrated circuit manufacture. Of particular concern is within-die variation in the interlevel dielectric or oxide thickness remaining after polish, due to pattern density variations across the die. 1 Recent modeling of CMP has shown that a "planarization length" parameter, corresponding to the length scale over which raised topography (or pattern density) within a die affects local polishing rate, can be used to predict within-die polish performance. 2 As shown by Stine et al., the planarization length PL is the size of an averaging window used to calculate the "effective density" of raised features on the wafer that the CMP process and pad see during polishing. 3 The local oxide removal rate is then [1] where z is the oxide thickness and K is the blanket polish rate. The effective pattern density is a function of location x,y on the die, as calculated using the planarization length PL and chip layout information. Once PL has been determined for a given process, accurate simulation of the within-die thickness profile and nonuniformity resulting from CMP can be performed for a given layout. 4 This paper utilizes statistical and semiphysical modeling techniques to help understand how planarization length varies across process conditions, as well as within a given wafer. The next section discusses the experimental layout pattern and process conditions used, followed by description of the planarization length extraction procedure. The results of the experiment are then presented, in which the effect on planarization length is characterized as a function of down pressure, table speed, and die position within the wafer. We offer observations on the trade-offs between wafer scale removal rate uniformity, planarization length, and within-die total indicated range. Finally, we summarize our findings and suggest future work. Experimental A total of fifteen 200 mm wafers are prepared with a specialized CMP characterization test pattern, and then subjected to five combinations of table speed and down pressure CMP process conditions. The test wafers are fabricated with a blanket polyethylene tetraethylorthosilicate (PETEOS) film of 7500 Å, upon which ϳ1 m aluminum is deposited. The metal film is patterned using the density mask from the MIT CMP characterization mask set. 3 This 12 mm
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Chemical mechanical polishing (CMP) is widely used for planarization of advanced interconnect and shallow trench isolation structures in integrated circuit manufacture. Of particular concern is within-die variation in the interlevel dielectric or oxide thickness remaining after polish, due to pattern density variations across the die. 1 Recent modeling of CMP has shown that a "planarization length" parameter, corresponding to the length scale over which raised topography (or pattern density) within a die affects local polishing rate, can be used to predict within-die polish performance. 2 As shown by Stine et al., the planarization length PL is the size of an averaging window used to calculate the "effective density" of raised features on the wafer that the CMP process and pad see during polishing. 3 The local oxide removal rate is then [1] where z is the oxide thickness and K is the blanket polish rate. The effective pattern density is a function of location x,y on the die, as calculated using the planarization length PL and chip layout information. Once PL has been determined for a given process, accurate simulation of the within-die thickness profile and nonuniformity resulting from CMP can be performed for a given layout. 4 This paper utilizes statistical and semiphysical modeling techniques to help understand how planarization length varies across process conditions, as well as within a given wafer. The next section discusses the experimental layout pattern and process conditions used, followed by description of the planarization length extraction procedure. The results of the experiment are then presented, in which the effect on planarization length is characterized as a function of down pressure, table speed, and die position within the wafer. We offer observations on the trade-offs between wafer scale removal rate uniformity, planarization length, and within-die total indicated range. Finally, we summarize our findings and suggest future work. Experimental A total of fifteen 200 mm wafers are prepared with a specialized CMP characterization test pattern, and then subjected to five combinations of table speed and down pressure CMP process conditions. The test wafers are fabricated with a blanket polyethylene tetraethylorthosilicate (PETEOS) film of 7500 Å, upon which ϳ1 m aluminum is deposited. The metal film is patterned using the density mask from the MIT CMP characterization mask set. 3 This 12 mm
mask has a 1 mm buffer region around 25 square density blocks, each block being 2 mm in dimension and consisting of an array of patterned lines and spaces sized to generate a desired pattern density as shown in Fig. 1 . The designed (local) pattern densities increase in steps of 4% from a density of 4% in the bottom left corner of the mask to 100% in the top right corner. After metal patterning, a combination of PETEOS and high density plasma (HDP) SiO 2 is deposited to give an initial measured oxide thickness before CMP between 2.65 and 2.7 m. The resulting initial oxide step height ranges from 0.92 to 0.94 m across the two test lots processed.
The process conditions employed during the CMP process split are summarized in Table I . The experiment is a two factor, two level full factorial with additional center point. The first factor is table speed, with factor levels at high speed (HS) of 54 rotations per minute (rpm), medium speed (MS) of 37 rpm, and low speed (LS) of 20 rpm; the second factor is down pressure with factor levels at HP of 7.74 pounds per square inch (psi), MP of 6.71 psi, and LP of 5.69 psi. In each case, the polishing time is selected so as to remove approximately 1.0 m of the oxide film in the 100% density structure; this ensures that the entire step height is removed from all structures dur- Chemical mechanical polishing (CMP) has become the preferred planarization method for multilevel interconnect technology due to its ability to achieve a high degree of feature level planarity. However, methods are needed to understand and model both wafer level and die level uniformity in interlevel dielectric (oxide) polishing. This paper examines the variation of die level planarity across the wafer and at different process conditions. Substantial dependency of planarization length, a characteristic length which determines die level planarity, on table speed and down pressure is found, varying from 6.2 to 7.8 mm in the experiments considered here. In addition, a dependence of planarization length on die position within the wafer is found, varying by ϳ0.5 mm across the wafer resulting in a difference of ϳ300 Å total indicated range from one die to the next. Some die are impacted even more strongly resulting in much smaller planarization lengths (near 5.0 mm in some cases) due to wafer edge effects. We conclude that accurate modeling and optimization of within-die variation depends on accurate modeling and measurement of not only wafer scale removal rate variation but also wafer scale planarization length variation. ing the process. All wafers are polished using an IC1000/SubaIV polishing pad stack and SS25 slurry on a Speedfam Auriga tool, at a carrier speed of 37 rpm with carrier head oscillation engaged. Thickness measurements are taken over metal (up areas) and in the down areas (between metal lines). A total of 17 die are measured per wafer and 49 measurements are taken per die (25 over the metal at each of the blocks in Fig. 1 and 24 in the down areas). 
Analysis Methodology: Determination of Planarization Length
In this section, we describe the procedure for extracting the planarization length of a polished die for a given process condition. According to Stine et al., the evolution of oxide thickness over raised features during CMP proceeds using the rate in Eq. 1 until the local step is removed, from which local polish continues at the blanket rate. 3 This results in a final thickness [2] where K is the blanket polish rate, (x, y) is the effective pattern density, z 0 is the initial oxide thickness, and z 1 is the initial oxide step height as illustrated in Fig. 3 .
In the evaluation of pattern density, a simple vertical oxide material deposition is assumed; the smallest pattern features on the mask are 20 m, so lateral deposition effects can be ignored. The effective density is evaluated in the following steps. First, the as-drawn layout density is evaluated in small square cells, where the layout density is defined as the ratio of "up" (metal) to total area of a cell. A spatial density averaging filter is then used to determine the effective pattern density across a die, where the density assigned to a point is the weighted average of the local layout densities within the filter window. The particular weighting function used here is a circularly symmetric "elliptic" filter (so called because it arises from the solution of an elliptic integral equation) which is somewhat flatter and broader than a Gaussian filter. This elliptic window is used rather than a square equally weighted window because it results in better fits to the data, and can be shown to relate to the deformation shape of an elastic material. 4, 5 The planarization length is defined as the width (length scale) parameter in the elliptic filter. It can also be used to characterize the deformability of a pad, in that harder pads tend to exhibit longer planarization lengths. For each process condition, the optimal planarization length is extracted, and the response function which results in the overall least root-mean-square (rms) error between model and data is chosen. 5 In calculating the planarization length, care is taken to use different blanket polish rates at different die locations across the wafer. The wafer scale polish rate can vary significantly across a wafer, especially for 200 mm wafers. We therefore also allow the "blanket" rate to vary so that it is extracted together with planarization length for each die, assuming that a constant blanket rate and planarization length applies within that die.
Results and Discussion Effect of table speed and down pressure on planarization length.-The planarization lengths of the 15 polished wafers are extracted using the above procedure. The results are shown in Fig. 4 where we see the extracted planarization lengths for each of the 17 die positions on the wafer, for each of the five process conditions considered. The vertical lines indicate the mean, high, and low extracted planarization length for each process condition (from the three replicates), and provide an indication of statistical variation in the planarization length under the same process conditions. This wafer to wafer variation may be due to pad wear that is not corrected by ex situ pad conditioning as well as random process variation.
The key observation based on Fig. 4 is that different process conditions can have a significant impact on the resulting planarization length. The effect of table speed on the average planarization length (averaged over the 17 die) is shown in Fig. 5 , where we see that the change in table speed from 20-54 rpm increases the planarization length by ϳ1.3 mm. For the conditions studied here, we see in Fig. 6 that the effect of down pressure is somewhat smaller; increasing down pressure from 5.69-7.71 psi results in a decrease of planarization length by ϳ0.4 mm. Very little interaction between these two factors is seen in the effects plots of Fig. 5 and 6 . This data indicates that planarization length can be improved (increased) by increased table speed and decreased down pressure.
Wafer scale variation in planarization length.-A second observation can be made based on the planarization length data in Fig. 4 , which shows that significant variation in planarization length exists across the wafer. The average planarization length for the five process conditions are plotted using surface interpolation in Fig. 7 , where this spatial nonuniformity is more clearly apparent. Wafer scale trends are present; depending on the process conditions, for example, a drop off in the planarization length is apparent near the edges of the wafer. Referring again to the data of Fig. 4 , note that some die appear to have a much different planarization length than others. In particular, die 12 shows a significantly lower planarization length than the average, and dies 10, 11, and 17 also behave erratically.
In Fig. 8 , we plot the model prediction error for each die at the medium speed and medium pressure polish condition (similar prediction errors are found at other process conditions). This prediction error is calculated as the rms error between the 49 die measurements and model prediction (based on extracted planarization length and blanket rate for that die). Plotted in Fig. 8 is the average of the rms error over the three replicate wafers. For die 12, the polishing model suffers from nearly twice as much error (400 Å vs. ϳ250 Å in most die) in predicting final oxide thickness. In the cases of die 10 and 12, these die are near the edge of the wafer (but further from the edge than the 6 mm edge exclusion used here). We conjecture that strong wafer edge interactions may still be occurring so as to perturb edge die polishing. If edge interactions occur over an appreciable fraction of the die (but not evenly over the die), then our assumption of uniform blanket rate and planarization length across the entire die no longer holds. Indeed, there may also be a die orientation effect, since the high density features shown in the die layout of Fig. 1 will predominately lie nearer the wafer edge on one side of the wafer (as shown in Fig. 3 ) compared to the other side. The conclusion we draw is that strong wafer scale trends near the edge of the wafer may not only affect wafer scale polish rates (which is well known), but also may affect the planarity of die near the wafer edge quite differently. Aside from the large deviations in edge die, other wafer scale trends in the planarization length can be discerned in Fig. 4 and Fig. 7 . In particular, planarization length can vary by greater than 0.5 mm across the wafer at any given process condition. This planarization length nonuniformity induces additional oxide thickness variation across the wafer beyond that caused by blanket rate variation. Plotting the total indicated range (TIR, maximum minus minimum measured thickness within the die) vs. planarization length, shows in Fig. 9 that decreasing the planarization length by 0.5 mm from 7.5 to 7.0 mm increases the TIR by an additional 348 Å from 5609 to 5261 Å. That is to say, the layout pattern within any given die might normally induce 5261 Å variation within the die for our test pattern (which intentionally has a full range of pattern densities). Due to planarization length variation across the wafer, however, some die will see an additional 348 Å of within-die oxide thickness variation. The observation of variation in planarization length across the wafer is a key result of this work: in order to achieve polishing thickness or uniformity constaints, this variation in planarization length across the wafer must be accounted for.
Blanket polish rates.-The planarization length extraction procedure also incorporates a blanket polish rate extraction step. Blanket rates typically vary from die to die, and an error in the value of the blanket polish rate can introduce an offset between the model prediction and actual oxide thicknesses. The calculated blanket polish rates are shown in Fig. 10 , which shows that the blanket rates are largest under process conditions of high speed and high down pressure, and lowest under low speed and low down pressure. This agrees with the classical Prestonian CMP model, 6 where blanket polish rate K is directly proportional to both pressure P and velocity V with proportionality constant
For the values of down pressure and table speeds used in this experiment, a few other observations can be made. It can be seen from the data that at lower values of down pressure (5.69 psi), increasing the table speed increases the mean blanket rate. At higher down pressure (7.71 psi), it can be seen that the same increase in table speed causes a much higher increase in the mean blanket rate. However, higher down pressure blanket rates also exhibit larger within-wafer nonuniformity. Note that for the same values of table speed, a larger value of down pressure leads to a larger standard deviation and larger range of blanket rate values. For example, Fig. 10 shows that for a table speed of 20 rpm, a low down pressure results in a range of 496 Å/min and a standard deviation of 137 Å/min, while a high down pressure results in a range of 767 Å/min and a standard deviation of 208 Å/min. Thus, it is possible that an increase in down pressure will increase the blanket rate, but also have a negative impact on the uniformity. Thus a trade-off of increasing blanket rate while decreasing uniformity (and vice versa) is exhibited.
When combined with the planarization length results, we see that a trade-off between desire for good wafer scale removal rate uniformity and large planarization length also exists. The best conditions for die scale uniformity (largest planarization length) is high speed and low pressure, but this condition gives a comparatively high polish rate variation (265 Å/min standard deviation). In many cases, the need for die scale uniformity may dominate, and optimal process selection should be driven more strongly by planarization length considerations. 7 
Conclusions
We have analyzed patterned wafer polish data for different process conditions and dies across a wafer. Our analysis shows that there is significant nonuniformity in patterned polishing on 200 mm wafers. In addition to previously reported wafer scale variation in blanket removal rates, we observe significant deviation in the planarization length across the wafer: across-wafer variation of ϳ0.5 mm is seen, compared to average planarization lengths of ϳ7 mm. Because the planarization length is the fundamental parameter giving rise to within-die oxide thickness variation, this wafer scale variation must be accounted for in order to accurately predict die planarity.
In addition, a significant dependence of the planarization length on process conditions is noted. For the table speed and down pressures considered here, average planarization length varies from 6.2 mm at low speed and high down pressure, to 7.8 mm at high speed and low down pressure. This improvement in planarization length can reduce the within-die oxide thickness variation by better than 1000 Å. Further work is needed to understand the physical sources of this improvement in planarization length, and the dependency of planarization length on pad and process parameters. 8 Massachusetts Institute of Technology assisted in meeting the publication costs of this article. 
